ABSTRACT: Selective covalent inhibition of kinases by targeting poorly conserved cysteines has proven highly fruitful to date in the development of chemical probes and approved drugs. However, this approach is limited to ~200 kinases possessing such a cysteine near the ATP-binding pocket. Herein, we report a novel approach to achieve selective, irreversible kinase inhibition, by targeting the conserved catalytic lysine residue. We have illustrated our approach by developing selective, covalent PI3Kδ inhibitors that exhibit nanomolar potency in cellular assays, and a duration of action >48 h in CD4+ T cells. Despite conservation of the lysine residue throughout the kinome, the lead compound shows high levels of selectivity over a selection of lipid and protein kinases in biochemical assays, as well as covalent binding to very few offtarget proteins in live-cell proteomic studies. We anticipate this approach could offer an alternative general strategy, to targeting non-conserved cysteines, for the development of selective covalent kinase inhibitors.
INTRODUCTION
The clinical successes of ibrutinib 1 and afatinib 2 have prompted a resurgence of interest in covalent drug discovery. 3, 4 Covalent inhibitors can possess the advantages of increased potency, prolonged duration of action, decoupled pharmacodynamics and pharmacokinetics, and, often, require less frequent and lower doses. 4, 5 In the kinase field, researchers commonly target cysteine residues for covalent inhibition. 6 Targeted residues are often "non-catalytic and poorly conserved" 7 to maximise selectivity, and mitigate the risk of off-target covalent interactions. 4, 5, 7, 8 However, only ~200 of over 500 human kinases have been mapped with a cysteine in the vicinity of the ATP pocket, and <50 have been demonstrated to covalently engage with inhibitors, restricting the scope of this strategy. 6, [9] [10] [11] We chose to challenge this general approach by investigating the potential to selectively and irreversibly target the kinome-conserved lysine residue. 12 Covalent conjugation with lysine is far less common, due to its protonation state, and therefore poorer nucleophilicity under physiological conditions. 13 Nonetheless, interest in this nucleophile is rapidly gaining traction in the scientific community. [14] [15] [16] [17] [18] The heterodimeric lipid kinase phosphoinositide 3-kinase delta (PI3Kδ) 19, 20 has been targeted specifically over the related PI3Kα, β and γ isoforms for the treatment of a variety of diseases. 21, 22 A number of selective reversible PI3Kδ small molecule inhibitors have entered clinical trials, with Zydelig recently obtaining FDA approval as a second-line treatment for relapsed follicular B-cell nonHodgkin lymphoma, and relapsed chronic lymphocytic leukemia. [23] [24] [25] More recently, drug developers have targeted PI3Kδ for the treatment of inflammatory conditions such as asthma, chronic obstructive pulmonary disease (COPD), rheumatoid arthritis and activated PI3Kδ syndrome. 21, [26] [27] [28] [29] [30] [31] [32] To our knowledge, a selective covalent PI3Kδ inhibitor has not yet been disclosed, and there is no obvious isoform specific nucleophilic residue to target around the ATP binding site. Irreversible pan-PI3K inhibitors have been investigated previously, based on the fungal antibiotic wortmannin. [33] [34] [35] These compounds target the conserved lysine 12, 36, 37 for the covalent reaction, but are poorly selective. 35 Promiscuous kinase probes that covalently bind to this residue, [38] [39] [40] [41] have also been developed and commercialised, however methods of selectively targeting this lysine in specific kinases have not yet been reported.
Herein we describe the development of the first selective, irreversible PI3Kδ inhibitor, which reacts with the conserved catalytic lysine (Lys779 in PI3Kδ numbering). Selectivity was achieved through optimisation of the reversible interactions in formation of the initial enzyme-inhibitor complex, whilst the rate of the covalent reaction with the protein remained constant. The targeted lysine residue is present throughout the kinome, hence we anticipate that this strategy could provide an alternative general approach for the development of selective irreversible kinase inhibitors.
RESULTS AND DISCUSSION
Design of lysine targeting inhibitors. Clinical candidate 1 was identified as a suitable starting point due to its potency profile, and reversible interaction between the sulfonamide and Lys779. 23 We replaced the cisdimethylmorpholine with the more basic, more soluble piperazine moiety 23 and hypothesised that substitution of the sulfonamide for an electrophilic functional group could afford covalent inhibitors (Figure 1) . In silico modelling suggested that activated esters 42 would be tolerated in a reversible enzyme-inhibitor complex with PI3Kδ. Furthermore, the model of the covalently bound amide adduct that would form from these inhibitors did not reveal any obvious conformational issues ( Figure S1 ). Activated esters potently engage PI3Kδ in enzyme and cellular assays. A selection of phenolic esters were synthesised, and their potencies at PI3Kα, β, γ and δ were assessed using purified recombinant proteins via homogeneous time-resolved fluorescence (HTRF) assays. 23 Additionally, these compounds were tested in a phenotypic human-whole blood (hWB) assay, measuring reduction in interferon gamma (IFNγ) secretion after treatment with T-cell stimulating antibody, CytoStim, as a readout for PI3Kδ engagement 23 ( Table 1) .
Esters 2-7 potently inhibited PI3Kδ in isolated enzyme assays with pIC 50 values ranging from micromolar (ester 7), to sub-nanomolar (ester 2), confirming that the phenolic ester motifs were tolerated in the ATP binding pocket of the kinase. Furthermore, these data suggested a general trend that PI3Kδ potency of the inhibitors improved with the electron withdrawing ability of the R group attached to the ester, although the very high PI3Kδ activity of 2 was achieved at the expense of selectivity. The 4-trifluoromethylphenol ester 3 is an exception to this trend. Its relatively strong electron withdrawing effect (σ p = 0.78, 0.54, 0.06 and -0.27 for NO 2 , CF 3 , F, and OMe substituents) 43 did not enhance the PI3Kδ potency compared to the electron neutral phenol 5. The decreased potency of 2,4-dimethylphenol ester 7 may have arisen from clash between the 2-methyl group and the kinase, or steric hindrance to nucleophilic attack at the carbonyl. Compounds 3 to 5 showed the best profiles in this analysis, with biochemical potencies on-par with wortmannin 10, and selectivity comparable to the FDA-approved PI3Kδ drug, Zydelig 24 11. Furthermore, compounds 3-5 provided good levels of inhibitory activity in the hWB assay (~10 nM), supporting engagement of PI3Kδ in cells, and were at least 15-fold more potent than 10 and 11 in this assay. It is worth noting that covalent inhibition is a time-dependent process, and the pIC 50 values would be expected to vary with time. The biochemical assays were read-out at 1 h in all cases, and the hWB assay at 20 h to provide consistency for data analysis. Compound found to be particularly unstable in DMSO, results reported from N = 2 only. N.T: Compound not tested due to instability of the DMSO 10 mM stock solution. All compounds were tested a minimum of three times in HTRF and hWB assays, with the exception of compounds 2, 8 and 9 (Table S1 ).
Protein mass spectrometry and reactivity assessments indicated the potential for site-specific nucleophilic trapping by a lysine residue. After 5 min incubation of recombinant PI3Kδ with 4 (2:1 molar ratio of 4:PI3Kδ), we observed formation of a single adduct by intact protein liquid chromatography-mass spectrometry (LCMS). Compared to untreated protein, this mass shift was consistent with the addition of 4, and loss of 4-fluorophenol. Repeating this assay with 10 molar equivalents of 4, and 20 h incubation showed no additional adduct formation. Pre-incubation of PI3Kδ with 10 equivalents of the potent ATP-competitive reversible inhibitor 23 12 prevented formation of the covalent adduct, suggesting covalent modification occurred in the ATP binding site. Carboxylic acid 9 showed no evidence of covalent bond formation in this experiment, implying that the phenolic ester was required for the covalent reaction. These results suggested that 4 was covalently, and specifically, binding to the ATP binding site of PI3Kδ (Figure 2a ).
Reactivity analysis showed that 4 was stable to hydrolysis and reaction with N-Boc lysine under physiological conditions (phosphate buffer, pH 7.4, 37 °C), but upon deprotonation of the lysine smooth amide bond formation was observed (Figures S2 and S3) . Together with the mass spectrometry data suggesting that a single, specific modification occurred in the active site of PI3Kδ, we proposed that this bond could be forming with the conserved lysine.
Confirmation of Lys779 as the nucleophilic residue.
After overnight soaking of pre-grown murine PI3Kδ crystals 20,23 with 4, we observed a covalently bound adduct between the inhibitor and the targeted lysine residue (Figure 2b ) by X-ray crystallography. Continuous electron density was seen between Lys779 and the carbonyl of the ester, and there was no evidence for the phenolic group being present, consistent with formation of an amide bond. Methyl ester 8 showed a reversibly bound adduct ( Figure S4) , consistent with the reduced reactivity of this ester ( Figure S2 ). The remainder of the compound satisfied the desired hydrogen bonding interactions between the indazole and hinge residues Val828 and Glu826, as well as occupying the selectivity region next to Trp760 with the basic amine. 23, 44 Time-course experiments to determine k inact and K I . Using the commercially available ADP Quest TM assay kit 45 we derived the concentration of inhibitor required for half of the maximum rate of covalent bond formation (K I ), the rate constant for irreversible inactivation (k inact ) and the second order rate constant typically used to characterise irreversible inhibitors (k inact /K I ) (Figure 2f) . 4, [46] [47] [48] Full analyses for esters 2-7 and 10, including equations used, are detailed in the Supporting Information.
All six esters exhibited non-linear reaction progress curves (Figure 2c and Figure S7 ) indicating timedependent inhibition of PI3Kδ, consistent with covalent inactivation. The k inact /K I ranking obtained from the replot method correlated well with the potencies obtained from the PI3Kδ biochemical and hWB assays ( Table 1 and Figure S7 ). The kinetic data were visualised by plotting k inact as a function of K I, as described by Schwartz et al. (Figure 2e) . 49 This representation clearly showed that similar k inact values were found for all six esters (1.4-fold difference across the series), but K I differences spanned two orders of magnitude, from 40 nM (compound 2) to 7.8 µM (compound 6) (195-fold difference, Figure 2f ). This indicated that the electronic nature of the phenolate leaving group (i.e. pK a value), and therefore expected chemical reactivity/leaving group ability, does not correlate with the rate of the covalent inactivation in this system. Rather, there is a correlation with K I, suggesting a more complex mechanism than the traditional two-step scheme depicted in Figure 2e . The differences in pIC 50 between the esters in our biochemical assay must therefore be dictated by reversible interactions in formation of the initial enzyme-inhibitor complex and not the rate of the covalent reaction. We have proposed a reaction mechanism supporting these data, invoking additional steps to explain the dependence of K I on pK a (Supplementary Discussion and Scheme S1). Finally, our prior analysis of the chemical reactivity of 4 ( Figures  S2 and S3) showed it to be inert to nucleophilic substitution under physiological conditions. This suggested that the elevated reactivity observed in these kinetic analyses was occurring specifically in the protein, and that the local microenvironment around Lys779 may be contributing to an increased reactivity of this residue, rendering it hyper-reactive. 16, 37, 50, 51 Selectivity, despite the conserved lysine, is driven by reversible interactions. To assess off-target covalent binding, jump dilution and kinetic measurements at two closely related PI3K isoforms (α and β) were carried out with 4. All three enzymes were inactivated in the jump dilution experiment without competing ATP indicating that 4 could covalently inhibit PI3Kα, β and δ at high preincubation concentrations (Table S3) , without a competing ligand (Figure 3a) . As controls, the experiment was performed with covalent pan-PI3K inhibitor 10, and reversibly bound ester analogues 8 and 9. 10 showed covalent inactivation of all three kinases, whereas 8 and 9 showed the expected regeneration of enzyme activity after dilution, consistent with a reversible mode of inhibition (Figure 3a and Table S4 ).
However, in the kinetic analysis with competing ATP (1 mM), linear reaction progressions were observed at PI3Kα and β at all tested concentrations ( Table S6 ). The gradient of these plots decreased with increasing concentration of inhibitor, consistent with a rapid onset of inhibition. The absence of the slow-binding non-linear phase we had observed at PI3Kδ suggested no covalent binding was occurring at these kinases under these conditions. Indeed, for ester 4, the kinetics at PI3Kδ reflected 10, whilst the kinetics at PI3Kα and β reflected the reversibly bound methyl ester 8 (Figure 3b) . This absence of apparent covalent adduct formation at PI3Kα and β was seen up to 8.5 μM of 4, ~5x the PI3Kδ IC 99 (= 1.59 μM) under these conditions. Reprocessing the raw data along the time axis allowed derivation of IC 50 values every 30 s over this time window. These plots showed a time-dependent decrease in IC 50 at PI3Kδ, but not at PI3Kα and β for 4 ( Figure S8) , supporting selective covalent inhibition in this assay. 4 also exhibited excellent selectivity against a panel of 10 lipid kinases and 140 protein kinases (Tables S7 and S8). These kinetic and jump dilution analyses revealed a concentration window where 4 covalently inactivated PI3Kδ, but not highly homologous isoforms of the same family, despite the conserved nature of the nucleophilic amino acid. Upon saturating the ATP binding site with high concentrations of inhibitor, in the absence of competing ATP, covalent inactivation does occur. However, in a cell-like environment, covalent inactivation of PI3Kα and β is unlikely to occur up to 5x the PI3Kδ IC 99 . Consistent with our earlier observation that potency differences between the esters at PI3Kδ was governed by reversible interactions, this selectivity must also arise from differences in the initial reversible binding interactions (K I ) with these kinases.
Chemoproteomics revealed 4 to be selective for PI3Kδ in live cells. Azido probe 13 was synthesised, and retained potency at PI3Kδ in the biochemical HTRF assay (pIC 50 = 7.6). At 1 μM, it was shown to covalently modify a protein with a molecular weight consistent with PI3Kδ in THP-1 monocyte lysates by in-gel fluorescence after strain-promoted azide-alkyne cycloaddition click reaction (SPAAC) with dibenzycyclooctyne-conjugated-Cy5 dye (DBCO-Cy5), and SDS-PAGE separation. Co-elution of PI3Kδ with the Cy5 signal was confirmed by immunostaining with p110δ antibody after transfer to PVDF membranes ( Figure S9) . 52 Furthermore, the Cy5 fluorescence signal was gradually ablated in the presence of increasing concentrations of 4, with a pIC 50 of 7.5, suggesting potent engagement of PI3Kδ by 4 in complex cell lysates. Protein targets of probe 13 in Ramos cells were then identified by a quantitative mass spectrometry-based chemoproteomics method using tandem mass tag (TMT) labelling (Figure 4a) , based on related experiments by Lanning et al 53 and Niessen et al. 54 Cells were treated with either vehicle or 13 at 1 μM for 1 h, lysed, and proteins bound by 13 were enriched with neutravidin beads after SPAAC reaction with a DBCO-biotin conjugate. Noncovalently bound proteins were expected to be predominantly eluted with SDS, whereas covalent targets should only be detected after on-bead proteolysis.
Comparison to vehicle-treated cells identified 22 out of ~1000 identified proteins that were specifically enriched >2-fold by in situ treatment with 13 (Figure 4c and Supplementary Data Set). Of those 22 proteins, eight were exclusively identified after direct proteolysis, including the class I catalytic subunits of PI3Kδ (gene ID PIK3CD), PI3Kα (gene ID PIK3CA), PI3Kβ (gene ID PIK3CB), and the class III PI3K protein Vps34 (gene ID PIK3C3), suggesting these proteins as covalent targets of 13. In contrast, the Vps34 regulatory subunits 55 PI3K regulatory subunit 4 (gene ID PIK3R4), Beclin-1 (gene ID BECN1), p63 (gene ID UVRAG), mitofilin (gene ID IMMT), and protein RUBCNL-like (gene ID C13ORF18) as well as the common kinase inhibitor off-target ferrochelatase 56 (gene ID FECH), were only found in the SDS eluates. The possibility to elute those proteins from the capturing matrix with SDS buffer implicates those proteins as reversible binders of 13, or proteins in complexes with enriched targets. The PI3K regulatory subunit α (gene ID PIK3R1) was identified in the bead digest fraction as well as in the SDS eluates. Signal abundances of detected tryptic peptides (MS 1 intensities) indicated a 3 to 4-fold higher abundance in the SDS fraction than in the bead digests. This suggests major, but incomplete, elution of this known interactor of class I catalytic PI3K subunits 26 with the applied conditions.
To accurately assess off-target interactions of 4, we derived dose-response curves from competing the binding to 13 by pretreatment with concentrations of 4 ranging from 10 µM to 3.2 nM for 1 h (Figure 4d) . For the specifically enriched proteins exclusively found in the bead digests, we calculated pIC 50 values for PI3Kδ, PI3Kα, PI3Kβ, and hVps34 to be > 8.5, 7.0, 6.9 and 7.2, respectively. This indicates that irreversible binding of PI3Kδ to 13 can be competed by 4 with >20-fold selectivity at the used incu-bation conditions. For the proteins identified exclusively in the SDS fraction, we determined reasonable binding curves for Beclin-1, p63, and PI3K regulatory subunit 4. All resulted in very similar pIC 50 values (pIC 50,BECN1 = 6.8; pIC 50,UVRAG = 6.6; pIC 50,PIK3R4 = 6.6). Binding curves were incomplete for those proteins (maximal competition by 10 µM compound c.a. 50%), suggesting they were interacting with a known complex partner, 55 rather than being true targets of the compound. A similar effect might be observed for PI3K regulatory subunit α for which a pIC 50 value >8.5 was determined. As a complex partner of PI3Kα, PI3Kβ, and PI3Kδ, 26 the determined apparent dosedependent competition may result from a combination of competitive binding to any of these PI3K proteins. Within the tested concentration range, mitofilin, ferrochelatase, and protein RUBCNL-like, (as well as the remaining proteins that were specifically enriched with 13) did not show strong competition of binding by 4, suggesting low affinity binding.
These chemoproteomic data support minimal off-target binding by 4 in human cells. Coupled with our selectivity hypothesis and kinase panel investigations above ( Figure  3 and Tables S7 and S8), we propose 4 to be a highly selective irreversible inhibitor of PI3Kδ at concentrations below 1 μM.
Cellular washout studies suggest an extended duration of action. CD4+ T cells were incubated with 4 or 12 (hWB pIC 50 = 7.9) for 2 h, then washed and incubated for a further 48 h before stimulation with αCD3 and measurement of IFNγ release. 4 showed sustained depletion of IFNγ secretion 48 h after washout, without cytotoxic effects (Figure S10 ), whereas regeneration of IFNγ secretion was observed for 12 ( Figure 5) . These results, taken together with the data presented above, suggest that inhibition of PI3Kδ could be sustained for at least 48 h using an irreversible targeting approach, with no cytotoxic effect. It is worth noting, however, that cellular accumulation of dibasic piperazines could also be a contributing factor to the duration of action for this series of compounds. 57, 58 Figure 5. Inhibitor 4 showed a prolonged duration of action, up to at least 48 h in CD4+ T cells. Cellular washout studies conducted in CD4+ T cells isolated from hWB. Cells were treated with inhibitors for 2 h, washed, and stimulated with αCD3 to induce IFNγ release, measured after 48 h. Left: Covalent compound 4 showed a clear sustained duration of action (black circles) 48 h after washing. Right: Reversible compound 12 showed a clear disruption of the inhibition profile (black circles) 48 h after washing. The experiment was repeated using 5 donors (for each donor: N = 3 replicates for washout, and N = 2 replicates for non-wash condition), and results are depicted as mean ± s.e.m. Non-washed curves showing the dose-response after 48 h are shown in blue.
CONCLUSION
Selective covalent inhibition relies on a two step process of reversible binding and then covalent inactivation. 4, 5 Here, we have demonstrated that selectivity in formation of the initial enzyme-inhibitor complex is the crucial factor for achieving potent, selective covalent inhibition of conserved residues. Kinetic studies indicated that the electronics, and expected chemical reactivities, of the electrophilic esters did not affect the rate of covalent bond formation with the enzyme, k inact . The observed variation in potency of the esters at PI3Kδ ( Table 1 ) therefore arose from the reversible binding steps of the inhibitors, due to electronic changes in the phenolic group, reflected by K I . Furthermore, through kinetic studies at PI3Kα, β, and δ we determined that there was a reasonable concentration range at which covalent inhibition of PI3Kδ could be achieved, without covalent inactivation of related enzymes. This was confirmed by chemoproteomic studies with 13 in situ which suggested minimal off-target binding of 4, and a >20-fold selectivity window for covalent modification of PI3Kδ, despite conservation of the targeted lysine residue and presence of other reactive moieties.
As a more general approach, variation of the electrophilic centre to affect reversible binding could be exploited for fine-tuning of the potency, selectivity, and physicochemical properties of inhibitors for irreversible drug discovery programmes. By maintaining a constant k inact across a series of electrophilic esters, this provides an orthogonal approach to established EGFR and Janus Kinase (JAK) inhibitors that vary the k inact to improve the drug profile. 8, 59 Furthermore, a common method for enzymes to develop resistance to covalent inhibitors targeting poorly conserved cysteines is by point mutation of the modified residue. 60 A similar resistance mechanism would not be applicable to the strategy we have developed, as mutation of the catalytic lysine would render the kinase inactive. 61 Finally, the potential lability of these esters could impart kinetic selectivity in vivo. Zaro et al. recently described how the proteome-wide selectivity of ibrutinib improved when a fumarate ester was incorporated into the covalent warhead. They attributed this to hydrolysis of the metabolically labile ester, affording an inert 1,4-unsaturated carboxylate. 62 Carboxylic acid 9 formed in our case is poorly active in the cellular assay (pIC 50 = 5.0, Table 1 ), and inert to covalent bond formation by massspectrometry (Figure 2a) , suggesting a similar mechanism could be observed here.
By modification of a known reversible inhibitor, 23 we have developed a series of esters which selectively and covalently inhibit PI3Kδ. In addition to the excellent selectivity profile, our lead compound 4 showed ~10 nM activity in the hWB phenotypic inflammatory cytokine response assay, and extended duration of action (>48 h), in cellular washout studies. Owing to the importance of PI3Kδ as a target for inflammation and oncology, this selective, covalent PI3Kδ inhibitor could have applications in the development of long-acting therapeutics.
Prior studies have shown that the targeted conserved lysine reacts covalently with promiscuous probes possessing reactive warheads. [38] [39] [40] [41] We therefore envisage that this approach could be orthogonal to non-conserved cysteine targeting, and applicable across the kinome. By this method, researchers may be able to generate selective covalent chemical probes of any chosen kinase, which could provide tools to vastly improve the understanding of human biology in diseased states.
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